Several methods are employed by the timber industry to try to restrict the flow of products from illegal or unsustainable sources into timber supply chains. The most commonly applied are systems of log marking and associated documentation that accompany the logs. However this system is open to falsification, particularly between the logging concession and the timber mill, where the majority of illegally logged timber enters the supply chain. This paper describes the development of a methodology to track a unique genetic fingerprint for single logs of merbau, Intsia palembanica (Leguminosae), a high-value Indonesian timber species, from logging concession to the mill, where the DNA profile of individual logs is difficult or impossible to falsify. We find that whilst the ability to extract DNA and amplify a PCR product from logs decreases slightly between forest concession (59.2 %) and mill (41.9 %) samples, that overall enough samples worked across the 14 microsatellite markers to provide an exact genotype match between forest and sawmill samples for 27 out of 32 logs. Furthermore for these 27 samples, the probability that an illegal log with an exact genotype match to forest samples had been substituted was very low (less than 10 -5 ) for 18 samples, was low (between 10 -2 and 10 -4 ) for 7 samples and was moderate (10 -1 ) for 2 samples. Improvements to DNA extraction and amplification success are recommended to improve this protocol, and there was a negative correlation between locus size and amplification success but a positive correlation with allele number. However, overall we propose that this methodology is now suitable for broad-scale industry application to track legally harvested timber and check for illegal substitutions along supply chains. 
A DNA Method to Verify the Integrity of Timber Supply Chains; Confirming the Legal Sourcing of Merbau Timber From Logging Concession to Sawmill

Introduction
Illegal logging continues to be one of the major causes of deforestation and forest degradation, and apart from advancements in establishing protected areas and establishing sustainable certified forestry, forest loss proceeds at great speed (DEGEN and FLADUNG, 2008) . Between 14 and 16 million hectares of forest are lost each year, most of which is in tropical regions. Beyond forest loss and resulting extinction of species, the impact that deforestation has on global warming has come to public attention, where between 20 and 25 % of global CO 2 emissions result from deforestation (ZAHNEN, 2008) . For example in Indonesia, one of the world's largest CO 2 emitters behind the USA and China, more than 80 % of CO 2 emissions result from deforestation. Several causes of deforestation are often combined or dependent on each other, including: use of wood, both legal and illegal; land use conversion, e.g. expansion of agriculture, livestock farming, bio-fuel and paper industry; settlements/ infrastructure; and, exploitation of mineral resources (ZAHNEN, 2008) .
Certification methods can help distinguish legal from illegal wood and thus create the basis with which to fight illegal logging -one of the main causes of deforestation. Degradation resulting from legal deforestation can also be minimized via credible voluntary certification such as the FSC (Forest Stewardship Council). However the practical checks in place in the field to monitor the flow of legal vs illegal timber are still not tamper-proof. Commonly used are "Chain-of-Custody" methods which seek to assign a paper identification to individual logs that can be tracked along the timber supply chain from logging concession to the mill and product producers. However the problem with such methods is that they are open to falsification along the supply chain, particularly between the logging concession and mill, where most illegally logged timber is introduced into the supply chain (ZAHNEN, 2008) .
We present here a test of a DNA identification method for the important Indonesian timber species merbau, to supplement current certification methods. DNA is extracted from logs sampled at the logging concession and a unique genetic fingerprint is generated using 14 microsatellite markers. We test the reliability of DNA extraction and amplification, and confirmatory status of logs resampled at the sawmill.
Methods
Wood samples were taken from 2627 merbau logs harvested in a logging concession in Papua, Indonesia. These logs were delivered to a sawmill in Java, Indonesia between 14 th Nov 2009 and 11 th March 2010. Wood samples were taken from a total of 741 logs at the sawmill during this period.
All samples were collected following quality control protocols designed to maintain freshness of wood samples and minimize moisture content. This included the use of zip-lock bags and silica gel desiccants. All individual bags were numbered uniquely and 50 such bags were put in a polyethylene cover and sealed with a tamper proof nylon tag with a unique number. All samples were recorded in a sampling report that also contained data of the sample transfers.
Following guidelines specified in ISO 2859:1999 Special Sampling Plan (developed by Double Helix Tracking Technologies), a selection of 32 samples were randomly chosen from the samples collected at the sawmill and matched with the samples collected from the concession using the signed government transportation documentation.
The sample pairs were then forwarded to the laboratory for DNA analysis. Genomic DNA was extracted from wood samples using the cetyltrimethyl ammonium bromide (CTAB) method and used to amplify 14 microsatellite loci (one chloroplast microsatellite and 13 nuclear Capillary electrophoresis of the PCR products were carried out using an automated sequencer ABI Prism™ 3730 Genetic Analyser (Applied Biosystems), and fragment lengths were determined with the help of internal size standards GeneScan™ 600 LIZ ® Size Standard (Applied Biosystems). The software used for determination of the fragment length is GeneMapper 4.0 (Applied Biosystems).
The success of DNA extraction and amplification for each locus was recorded for the 32 logs between logging concession and sawmill samplings and are presented in Table 1 and 2. Across the 32 samples, population allele frequencies were used to calculate the probability of which individual genotypes would occur within the logging concession  
Results
For all 32 samples the amplification success across all 14 loci was 59.2 % for forest concession and 41.9 % for mill samples. The number of alleles at individual loci ranged between 2 and 13.
Of the 32 samples tested, five either failed to amplify any loci in the sawmill sample (4) or amplified different loci in forest and sawmill samples (1). Of the 27 samples for which a common set of loci amplified in both forest and sawmill samples, all produced an exact genotype match between the samples. However the number of common loci amplified varied between 1 and 12 and some loci only exhibited 2 alleles. Therefore for each log, the probability of an identical genotype being present within the forest concession was calculated based on the loci which amplified in both forest and sawmill samples, and provides a test of the likelihood that an illegally substituted log would have the same genotype as the forest sampled log. Based up on these probabilities, logs Table 2 . -For each of the 32 logs sampled, the number of loci that amplified (No. loci), and the probability that another tree from the source population exactly matched that samples genotype using forest samples, sawmill samples and matching combined samples (Prob. match). , i.e. a 1 in 100,000 th chance or lower, 18 samples); low probability of an identical genotype within the population (10 -2 to 10 -4 , i.e. 1 in 100 to 1 in 10,000 chance, 7 samples); moderate probability (1 in 10 chance, 2 samples); Table 2 .
Amplification success decreased with amplicon size across all samples and for forest and sawmill sampled logs separately (Figs. 1a-c) . Number of alleles also demonstrated a positive correlation with amplicon size (Fig. 1d) .
Discussion
This paper describes the development of a methodology to track a unique genetic fingerprint for single logs of merbau, a high-value Indonesian timber species, from logging concession to the mill. It is this stage in the supply chain which is most prone to the substitution of illegally harvested timber and the development of a DNAbased method which will be very difficult/impossible to tamper with will be a significant improvement over/complementation to paper based methods to trace logs back to a legal or sustainable source (DEGEN and FLADUNG, 2008; ZAHNEN, 2008) .
We find that whilst the ability to extract DNA and amplify a PCR product from logs decreases slightly between forest concession (59.2 %) and sawmill (41.9%) samples, that overall enough samples worked across the 14 microsatellite markers to provide an exact genotype match between forest and sawmill samples for 27 out of 32 logs. Of the five samples where this test was not possible for four the sawmill sample failed to amplify and for one, non-overlapping loci were amplified between forest and sawmill samples.
Overall there was a negative correlation between amplicon size and amplification success (across all samples and in forest and sawmill samples separately), but a positive correlation with allele number. Thus whilst polymorphism increases with locus size, the probability of amplification decreases. Generally loci with a size of 200 bp still amplified with reasonable success but were also polymorphic. Further developments to reduce the locus size of the larger loci and development of additional markers would be useful. In addition developments in the extraction of DNA from timber sources (e.g. DEGUIL-LOUX et al., 2002; DUMOLIN-LAPÈGUE et al., 1999; SPEIRS et al., 2009 ) are likely to bring increased amplification success.
Of the 27 samples for which the forest and sawmill genotypes matched, it was possible to calculate a probability that a particular genotype occurred within the logging concession population. This calculation is based upon allele frequencies across all samples and is calculated individually for the loci in common between forest and sawmill samples, and provides a test of the probability that an illegal log substituted along the supply chain has the same genotype as forest samples. Thus the probability of a matching genotype was very low (less than 10 -5 ) for 18 samples, was low (between 10 -2 and 10 -4 ) for 7 samples and was moderate (10 -1 ) for 2 samples.
Overall we propose that this DNA tracking methodology is now suitable for broad-scale industry application to track legally harvested timber and check for illegal substitutions along supply chains, and complements paper certification methods and DNA source identification methods based on genetic structure (e.g. DEGUILLOUX et al., 2003; LOWE, 2008; LEMES et al., 2010) .
Abstract
Well-adapted, high quality reproductive material is key to the success of forest plantations. Consequently in many countries the collection and trade of forest reproductive material is regulated. Paper documents are usually the only evidence for the origin of forest reproductive material. Certification schemes already established in Germany use genetic inventories to compare reference samples collected at different steps of the chain-ofcustody. A new approach using DNA-fingerprints efficiently controls the origin of seed sources without these multiple reference samples. Only a sample of adult trees within the seed stands is needed. The control is directly made for each suspicious plant or a group of suspicious plants by use of multilocus genotype assignment. We made a field test with samples of adults and seedling from 5 registered seed stands of Quercus robur in Western Germany. Eight highly variable nuclear microsatellites were used to genotype each individual. We found in total 255 different alleles at all loci in the adult populations. The observed levels of genetic variation (A e = 9.18), genetic differentiation (delta = 0.187) and population fixation (F ST = 0.01) were slightly higher than results 
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